The Palmer Long-Term Ecological Research program has sampled waters of the western Antarctic Peninsula (wAP) annually each summer since 1990. However, information about the wAP prior to the peak of the phytoplankton bloom in January is sparse. Here we present results from a spring process cruise that sampled the wAP in the early stages of phytoplankton bloom development in 2014. Sea ice concentrations were high on the shelf relative to non-shelf waters, especially toward the south. Macronutrients were high and non-limiting to phytoplankton growth in both shelf and non-shelf waters, while dissolved iron concentrations were high only on 2 the shelf. Phytoplankton were in good physiological condition throughout the wAP, although biomass on the shelf was uniformly low, presumably because of heavy sea ice cover. In contrast, an early stage phytoplankton bloom was observed beneath variable sea ice cover just seaward of the shelf break. Chlorophyll a concentrations in the bloom reached 2 mg m -3 within a 100 to 150 km band between the SBACC and SACCF. The location of the bloom appeared to be controlled by a balance between enhanced vertical mixing at the position of the two fronts and increased stratification due to melting sea ice between them. Unlike summer, when diatoms overwhelmingly dominate the phytoplankton population of the wAP, the haptophyte Phaeocystis antarctica dominated in spring, although diatoms were common. These results suggest that factors controlling phytoplankton abundance and composition change seasonally and may differentially affect phytoplankton populations as environmental conditions within the wAP region continue to change.
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Introduction
The waters of the western Antarctic Peninsula (wAP) have been studied extensively, especially since the initiation of the Palmer Station Long-Term Ecological Research (Pal-LTER) program in 1990 [Ducklow et al., 2007] . This interest is due in large part to the dramatic increases in temperature that have been recorded in this region in recent decades in both the atmosphere [Turner et al., 2012] and the ocean [Meredith and King, 2005] , as well as the corresponding loss of sea ice, particularly in the northern half of the peninsula [Stammerjohn et al., 2012] . This area is also of interest because of the biological richness of its coastal ecosystems [Montes-Hugo et al., 2009; Ducklow et al., 2013] , supported mainly by the intense growth of phytoplankton in continental shelf waters (<500 m depth) during the summer months .
Because of its high water column inventory of nutrients, rates of phytoplankton growth and primary production in the wAP are determined primarily by light availability . Light levels in the water column at these high latitudes are controlled by a combination of cloud cover, solar zenith angle (seasonal and daily), sea ice and snow cover, and mixed layer depth (MLD). In early austral spring when sun angles are low, mixed layers are deep (>100 m), and sea ice cover is extensive (90-100%), light levels in the upper water column are diminished (<20 µmol photons m -2 s -1
) and rates of primary production are uniformly low [Saba et al., 2014] .
Springtime light limitation is most severe following winters with low ice cover, which are characterized by strong stratification and anomalously deep mixed layers (>150 m) resulting from higher exposure to winter winds .
As solar insolation increases and sea ice melts during austral spring, the mixed layer begins to shoal as a result of thermal and freshwater stratification and phytoplankton growth rates increase, particularly in the marginal ice zone (MIZ). By late spring and summer, sea ice disappears rapidly (~weeks) along much of the wAP. Increased freshwater input from both glacial and sea ice melt increases water column stratification and results in mixed layers that are only 5-10 m deep near the coast and 25-50 m deep on the shelf and slope ~100 km away [Ducklow et al., 2013] . These interannual differences in stratification have been shown to impact the intensity of phytoplankton blooms in the vicinity of Rothera Station ( Fig. 1) , with the highest chlorophyll a (Chl a) concentrations generally following winters of heavy sea ice cover [Ducklow et al., 2013; Rozema et al., 2017] . Rates of primary productivity in the wAP peak in January and are highest on the nutrient-rich continental shelf, progressively declining in offshore waters with increasing distance from the coast [Garibotti et al., 2005] .
Much of what we know about the factors controlling phytoplankton growth in the wAP comes from the multi-decadal time series of cruises that take place each summer as part of the Pal-LTER. Most of these cruises sample the wAP in January or later when the phytoplankton bloom is already at its seasonal peak. Additional information for the region has come from other oceanographic cruises (e.g., RACER [Karl, 1991] ) and from the more comprehensive seasonal sampling that takes place near Palmer [Saba et al., 2014; Kim et al., 2016] and Rothera Stations [Clarke et al., 2008] . However, relatively little is known about the factors that control the largeThis article is protected by copyright. All rights reserved.
scale patterns of phytoplankton growth and biomass earlier in the season. Here we present results from an oceanographic research cruise to the wAP during austral spring 2014 when sea ice cover was still quite extensive and phytoplankton biomass was beginning to increase. We characterized the physical and chemical environment over a broad area of the wAP in both icecovered and ice-free waters and related these characteristics to patterns of phytoplankton growth, abundance, and community composition during this important transition period. Palmer. These transects were chosen to coincide with those sampled later in the season (January-March) during the Pal-LTER program [Smith et al., 1995] , although each Phantastic II transect extended an additional 200 km farther seaward than the Pal-LTER grid (200 km; 400 km total). For simplicity, we refer to these transects by their corresponding Pal-LTER line numbers.
Methods

Study site
Regular station spacing was 25 km, although this was reduced to 4 km when crossing the continental shelf break on lines 200, 300, 600, and 700.
Vertical profiles
This article is protected by copyright. All rights reserved.
Two conductivity, temperature, and depth (CTD) instruments were used during the cruise: a conventional CTD and a trace-metal clean (TMC) CTD. On November 5 of our cruise, the cable holding the rosette broke and the TMC CTD was lost. Thereafter, we used two spare GO-FLO bottles on a TMC wire to sample for trace metals. Sensors deployed with the conventional CTDrosette package included a fluorometer (WET Labs ECO-AFL/FL), a transmissometer (WET Labs C-Star), and an oxygen sensor (SBE-43) for all casts, as well as a PAR/Irradiance sensor (Biospherical/Licor) for casts shallower than 1000 m. Salinity and oxygen measurements were Orsi et al. [1995] . SACCF = Southern Antarctic Circumpolar Current Front, SBACC = Southern Boundary of the Antarctic Circumpolar Current. Dashed lines denote region from which data from satellite imagery were extracted. White filled circles denote locations of Palmer Station (64.77°S, 64.05°W) and Rothera Station (67.57°S, 68.23°W).
calibrated multiple times per day using an on-board salinometer and amperometric oxygen titration [Langdon, 2010] . Calibrations revealed no significant biases or trends; therefore, measurements were not corrected.
MLD was calculated from vertical profiles as the depth at which density was 0.1 kg m -3
greater than at the surface [Dong et al., 2008] [Serebrennikova and Fanning, 2004; Kemeny et al., 2016] .
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Dissolved iron (dFe) concentrations were measured directly on board at full stations by the automated Flow Injection Analysis method [Klunder et al., 2011] . Filtered and acidified (0.024 M HCl) seawater was concentrated on a column containing aminodiacetid acid (IDA) after inline adjustment to pH 4 using metal-free ammonium acetate buffer. The IDA chelating resin binds only transition metals and not the interfering salts. After washing the column with ultra-pure water, the column was eluted with diluted acid. After mixing with luminol, peroxide and ammonium, the oxidation of luminol with peroxide is catalyzed by Fe and a blue light is produced and detected with a photon counter. The amount of Fe is calculated using a standard calibration line, where a known amount of Fe is added to low Fe-containing seawater. Using this calibration line, the number of counts per nM Fe is obtained. Samples were analyzed in triplicate and standard deviations are given.
The blank was determined daily by analyzing acidified Milli-Q water. Because the blank values were <0.01 nM dFe, no correction was made. The average limit of detection (0.010 ± 0.006 nM dFe) was defined as three times the standard deviation of the Sampling and Analysis of Fe (SAFe) S reference sample that was analyzed four times during this expedition. At the start of every run, an internal reference sample was analyzed, which was a subsample of a large 4 l sample that was collected at the beginning of the cruise. The average value of this sample was 0.33 ± 0.013 nM dFe (n=18). Three different SAFe reference samples (S (n=4), D1 (n=7) and D2 (n=5)) were regularly analyzed early in the cruise and about every third station for the remainder of the cruise to conserve these scarce reference samples. Results for these reference samples are in good agreement with the consensus values published in May 2013
(http://www.geotraces.org/science/intercalibration/322-standards-and-reference-materials).
During each run, a drift standard was analyzed to account for any sensitivity changes during a run. This was usually less than 5% and was not corrected for, but occasionally larger drift of up to 12% was observed and the results were adjusted accordingly.
Phytoplankton
To collect phytoplankton samples, seawater was filtered under low vacuum pressure (<5 mg Hg or <150 psi) onto Whatman glass-fiber filters (GF/Fs) with a diameter of 25 mm and a nominal pore size of 0.7 µm and funnels were rinsed onto the filters with filtered seawater. After filtration for determination of fluorometric Chl a concentration, filters were stored in 90% acetone (5 mL) in the dark for 24 hours at +4˚C for shipboard pigment extraction prior to shipboard analysis before and after acidification using a Turner Designs 10AU fluorometer.
Samples for Chl a were taken at all depths in the upper 100 m. Zorbax Eclipse XDB-C8 column (3.5 µm particle size), using the method of Van Heukelem and Thomas [2001] , modified after Perl [2009] . After identification based on retention time and diode array spectroscopy (Waters 996), pigments were manually quantified using standards for all used pigments (DHI lab products). Phytoplankton community composition was estimated from HPLC pigments using the CHEMTAX analysis package [Mackey et al., 1996; Alderkamp et al., 2015] [Higgins et al., 2011; van Leeuwe et al., 2014] .
We studied the photosynthetic response of natural phytoplankton assemblages to variations in light intensity by performing 221 photosynthesis vs. irradiance (P-E) analyses, using methods described in Arrigo et al. [2010] . From each P-E curve, we determined maximum biomassspecific photosynthetic rate (P* m ), photosynthetic efficiency (α*), photoinhibition (β*), and the 9 photoacclimation parameter (E k = P* m /α*). P-E parameters were typically assessed at the same two depths at which HPLC samples were collected.
Phytoplankton variable fluorescence was measured in triplicate using a FIRe fluorometer (Fluorescence Induction and Relaxation System; Satlantic LP) at every station and a PAM fluorometer (Pulse Amplitude Modulated; Water-PAM, Heinz Walz) at every full station.
Samples were dark acclimated on ice for 30 minutes [Johnson et al., 2013; Haëntjens et al., 2017] , we are using them here only to characterize the annual cycle so determining absolute concentrations is not required.
Velocity profiles
Velocity profiles were calculated using a combination of Acoustic Doppler Current Profiler (ADCP) data and CTD measurements. ADCP data were taken from two hull-mounted Ocean
Surveyor instruments (Teledyne RD Instruments) measuring at 38 (OS38) and 150 (OS150) kHz (both narrow-band configuration). ADCP measures the relative velocity of particles in the water.
In general, higher frequencies give better resolution but do not penetrate as far into the water column. Data were processed using standard CODAS (Common Ocean Data Access System) techniques (http://currents.soest.hawaii.edu/docs/adcp_doc/index.html). Useable data from the OS38 and OS150 extended to approximately 1 km and 200 m depth, respectively, at 50 m and 25 m vertical resolution. Between each pair of stations, an average velocity profile was calculated from each ADCP instrument. These were compared with a velocity profile between stations assumed from thermal wind balance using potential density measurements at each station.
Thermal wind balance gives information on the vertical shear of the current assuming a small
Rossby number, and therefore requires knowledge of a constant offset value. Here we used both ADCP measurements to give a best-fit estimate of this constant offset for each station; if valid measurements from each instrument existed, the offset was calculated from both weighted by their respective residuals.
Results
Sea ice cover
The mean sea ice concentration (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) shelf regions of our study area. The primary difference was that 2014-15 exhibited a more rapid freeze-up in the austral autumn than the longer-term mean (Figs. 2a-c).
Sea ice concentrations during Phantastic II were generally highest in the southern portion of our study region at the time of sampling (Fig. 3) , with maximum concentrations approaching 100% along both Line 200 and Line 300 but only 30% in the northernmost Line 700, which was mostly ice-free. In addition, while the westernmost 100 km of each line was largely ice-free, sea ice concentrations gradually increased shoreward, eventually peaking just inside the shelf break (<500 m). 
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The mean sea ice thickness in our study region, based on the twelve ice stations sampled during Phantastic II, was 0.73±0.28 m ( 
Hydrography
Sea surface temperature (SST). The satellite-based mean annual cycle of SST (1998 SST ( -2016 in ice-free waters over our entire study region varied from a minimum of approximately -1.49°C Figure 3 . Satellite-derived sea ice concentrations along our cruise track. Also shown is the snow depth (m, top number) and ice thickness (m, bottom number) for twelve ice stations sampled during Phantastic II (black dots).
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in August to 1.75°C in February (Fig. 2d) , with non-shelf waters tending to be warmer ( Fig. 2e) than those on the shelf (Fig. 2f ). This regional difference was relatively small in the austral winter when maximum SSTs in non-shelf and shelf waters were -1.46 and -1.58°C, respectively.
However, by austral summer, the difference was much larger, with maximum SSTs in non-shelf waters being almost a degree warmer than waters on the shelf (2.03°C and 1.18°C, respectively).
The relatively high SSTs in non-shelf waters may help explain why sea ice there disappears about a month before the sea ice on the shelf.
Water masses. Temperature-salinity (T-S) plots for each transect (Fig. 4) show that our study area was dominated by a mixture of Circumpolar Deep Water (CDW), a warm sub-surface water mass characteristic of Antarctic Circumpolar Current (ACC) waters, and cold, fresh Antarctic Surface Water (AASW), defined here as waters with a potential temperature of < -1.4 ˚C and salinity <34. CDW is typically partitioned into upper (UCDW) and lower (LCDW) components, where UCDW encompasses a temperature maximum and oxygen minimum, and LCDW is characterized by a salinity maximum. In our study region, we defined UCDW as water with potential temperature >1.5 ˚C and salinity between 34.4 and 34.7 and LCDW as water with potential temperature between 1.0 and 1.5 ˚C and salinity >34.7. Note that the absence of LCDW waters in Transect 400 is because all CTD casts on this transect were restricted to depths <750 m.
2-D sections of potential temperature, salinity, potential density, and oxygen concentration across Lines 200 and 600 (Fig. 5) show the typical depth domains for both and LCDW (800-2000 m) in our study region. We also see the influence of UCDW and, in many cases, LCDW in waters over the continental shelf, although this influence does not extend far shoreward of the shelf break (25-50 km).
14 Fronts. Historically, our study region in the wAP is influenced by a number of different oceanographic fronts (Fig. 1) as defined by Orsi et al. [1995] . The southern boundary of the ACC (SBACC) is the southern terminus of water with CDW characteristics, which is approximately at the location of the continental shelf break in the wAP. In the wAP region, the SBACC and the southern ACC front (SACCF) are typically 50-200 km apart, and were wellresolvable during our cruise (Fig. 5) . The Polar Front, associated with a sharp surface temperature gradient, is located further north and outside of our study area (Fig. 1 ).
Figure 4. T-S diagrams for each line, with colors denoting distance from the shelf break (500 m isobath). Potential density contours are given in kg m -3 . Negative distances denote stations on the shelf.
The frontal structure seaward of the shelf break is shown in the T-S diagrams (Fig. 4) .
Stations between fronts have similar water mass characteristics and overlap each other in T-S space, whereas stations separated by a frontal jet show sharp differences in their T-S properties, becoming abruptly warmer, fresher, and less dense farther from the shelf. Stations overlapping a front typically show strong fine-scale interleaving in T-S [Joyce et al., 1978] , indicated by a jagged structure largely along isopycnals (e.g. Line 400, 60 km; Line 700, 150 km). Locations of these frontal structures can also be seen as large horizontal gradients of potential density in our 2-D sections (Fig. 5) . The jet associated with the shelf break is particularly strong, as indicated by the classic chevron (v-shape) in potential density [Jacobs, 1991] seen at the shelf break in Line 200 and Line 600 (Fig. 5 , near the red arrow).
The positions of the SACCF and SBACC during our study did not precisely align with the locations given by Orsi et al. [1995] . We calculated the along-shelf mean geostrophic velocity between each pair of stations in the upper 500 meters assuming thermal wind balance with an offset determined by average ADCP velocity measurements between each pair of stations. We found an "eastward" (in the direction of the ACC, which in this region is approximately northeast) current 100-250 km from the shelf break, and a separate "eastward" current associated with the shelf break (Fig. 6 ). Compared with climatological locations for the SACCF and SBACC front (Figs. 1 and 6), the SACCF location during our study was shifted equatorward in most transects, while a current associated with the SBACC was close to its climatological position (Fig. 6 ).
Nutrient concentrations
Over most of our study area, concentrations of NO 3 -and PO 4 3-were greatest within subsurface waters of the UCDW (Fig. 7) , with maximum concentrations of approximately 36 and 2.43 µM, respectively. The depth of the nutrient maximum in non-shelf waters varied with distance along each transect, decreasing from 300-400 m in the west to 150-200 m near the shelf break. This general spatial pattern contrasts with that of Si(OH) 4 (data not shown), which, while high in nonshelf waters within UCDW (40-80 µM), was generally much higher on the shelf (>100 µM).
Macronutrient concentrations were high in near-surface waters at the time of our cruise, with minimum NO 3 -and PO 4 3-concentrations of 20 and 1.6 µM, respectively, well above levels that would be considered limiting for phytoplankton growth.
Unlike macronutrients, concentrations of dFe in non-shelf waters were extremely low, with concentrations often well below 0.1 nM (Fig. 7) . Phantastic II (Fig. 8) . The relatively fast moving waters (~15 cm s -1 ) associated with both the SBACC and SACCF generated a great deal of variability in MLD, which exhibited both local Figure 7 . Vertical sections of NO 3 -, PO 4 3-, and dFe for the five lines sampled during Phantastic II. Black lines denote isopycnals every 0.1 kg m -3 . Negative distances denote stations on the shelf.
deepening to approximately 100-120 m and shoaling to 40-60 m, often over relatively short horizontal length scales (10s of km). The impact of these fronts on water column instability was also evidenced by the increased upward tilt of the isopycnals in the vicinity of the fronts (Fig. 8) .
Within the relatively quiescent region between these two energetic fronts (150-200 km, Fig. 6 ), MLD was generally much shallower (as shallow as 40 m) with slightly stronger stratification (Fig. 8) . However, stratification throughout our study area was still relatively weak this early in the melt season, so MLD is likely to be quite variable until the buoyancy of surface waters is increased by the addition of freshwater (primarily) or solar heating later (secondarily) in the spring and summer.
3.5. Phytoplankton 3.5.1. Biomass
The mean annual cycle of phytoplankton biomass between 1998 and 2016 in our study region, when expressed as the concentration of Chl a derived from satellite ocean color data, exhibits a typical spring bloom pattern, increasing rapidly from a minimum of 0.2 mg m -3 in midOctober to almost 0.6 mg m -3 in early November (Fig. 2g ). This mean value includes a substantial amount of spatial variability, with concentrations in excess of 10 mg m -3 observed in some locations. Averaged over the entire study region, Chl a persisted at this level for nearly five months, until the end of March, at which time concentrations rapidly dropped to 0.1 mg m -3 .
The cause for this extended bloom period over the entire study region can be seen when nonshelf and shelf waters are considered separately. In non-shelf waters, the phytoplankton bloom begins in October, reaches a peak biomass of 0.5 mg m -3 by November, but is over by January (Fig. 2h) . In contrast, the phytoplankton bloom on the shelf does not begin until November and peaks in January or February, attaining Chl a concentrations (1.1 mg m -3 ) twice as high as those in non-shelf waters, eventually declining in March (Fig. 2i) . Given the predominantly northsouth direction of the prevailing currents in this region (Fig. 6) , there is not likely to be much exchange of material between the shelf and non-shelf blooms. It is the combination of an early
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bloom in non-shelf waters and a later bloom on the shelf that results in the persistently elevated values when phytoplankton biomass is averaged over our entire study region along the wAP.
During 2014-15, the year of the Phantastic II cruise to the wAP, phytoplankton biomass exhibited spatial and temporal patterns that were similar to the 18-year mean, although satellite-based surface Chl a concentrations were generally lower and more variable than average throughout our study region (Figs. 2g, 2h, 2i ). Given that we sampled the wAP early in the phytoplankton growth season during Phantastic II (Fig. 2) , surface concentrations of Chl a in situ were relatively low (0.1-0.3 mg m -3 , in good agreement with satellite data) over most of our study region at the time of sampling (Fig. 8) . However, there were regions of enhanced phytoplankton biomass throughout the wAP, especially along Lines 200, 300, and 600, in non-shelf waters just seaward of the shelf break. While Chl a concentrations were <0.3 mg m -3 at the surface and <40 mg m -2 within the upper 100 m over most of our study area, concentrations within the early blooms along these three lines were significantly higher (p <0.05) than those on the shelf, reaching values of up to 2.3 mg m -3 and 147 mg m -2 . The volume of the blooms varied somewhat between transects, but in general, they extended vertically from the surface to a depth of 40-60 m and horizontally for 100-150 km.
Accumulation of particulate organic nitrogen was consistent with the depletion of nutrients in surface waters, suggesting that grazing losses were minimal this early in the phytoplankton bloom. Phaeopigment concentrations were also low, providing further evidence for low grazing pressure at this time.
The other two lines (400 and 700) also exhibited modest evidence of enhanced phytoplankton accumulation seaward of the shelf break in both the discrete pigments and the higher vertical resolution CTD fluorometer data, but to a lesser degree than the blooms observed along Lines 200, 300, and 600 (Fig. 8) . These enhanced Chl a features on Lines 400 and 700
were narrower (25-50 km) and extended deeper in the water column than the more intense blooms sampled along the other lines, with maximum Chl a concentrations of ~1.3 mg m -3
extending to a depth of approximately 80 m (120 mg m -2 ).
Phytoplankton community composition
Almost identical patterns of phytoplankton community composition were observed in both surface (2-10 m) and subsurface (25-50 m) waters throughout our study area, so only surface data are presented here. Diatoms and haptophytes (microscopic analysis showed these This article is protected by copyright. All rights reserved.
haptophytes to be mostly a mix of single-celled and colonial P. antarctica) were by far the two most abundant phytoplankton taxa observed in the wAP during Phantastic II (Fig. 9 ). The percent contribution by these two taxa to total phytoplankton biomass was positively correlated
with distance from shore (R = 0.62, p <0.05) throughout the wAP. In non-shelf waters, the sum of these two taxa consistently exceeded 90% of total phytoplankton biomass. On the shelf, the dominance by these two taxa was reduced, although they still comprised 60-99% of the total Figure 9 . Phytoplankton community composition for the five lines sampled during Phantastic II as determined from HPLC pigment data using CHEMTAX. Negative distances denote stations on the shelf.
phytoplankton biomass at all but one station (44%). Cryptophytes and chlorophytes were occasionally significant components of the phytoplankton community during our study. Their distributions were negatively correlated with distance from shore (R = 0.60, p <0.05 and R = 0.48, p <0.05, respectively), often exceeding 10% of total biomass in nearshore waters on the shelf, particularly along the two northernmost transects (Lines 600 and 700). Dinoflagellates never made up more than a few percent of the phytoplankton community in either shelf or nonshelf waters. [Olson et al., 1999] .
During Phantastic II, mean values for Fv/Fm were surprisingly uniform and consistently above 0.5 in shelf and non-shelf waters and in ice-free and ice-covered regions (Table 1) 
, indicating a
healthy early bloom phytoplankton population over much of the wAP. There was no significant relationship between Fv/Fm and phytoplankton community composition.
Photosynthetic parameters. Like Fv/Fm, phytoplankton photosynthetic parameters in
November were surprisingly uniform throughout the wAP and at the upper end of values reported previously for this and similar systems [Moline et al., 1998; Smith and Donaldson, 2015] , indicative of a healthy phytoplankton community. The maximum biomass-specific photosynthetic rate (P* m ) averaged 3.30±2.41 mg C mg -1 Chl a hr -1 over our entire study region.
Mean values on the shelf (3.97±3.30 mg C mg -1 Chl a hr -1 ) were higher than those in non-shelf waters (2.93±1.60 mg C mg -1 Chl a hr -1 ), although the difference was not statistically significant.
The similarity in mean P* m was even more striking between ice-free and ice-covered waters,
which exhibited values of 3.43±1.88 and 3.19±1.92 mg C mg -1 Chl a hr -1 , respectively. There was no significant difference in P* m for any of the five lines sampled during Phantastic II, in either surface or sub-surface waters (Table 1) .
Photosynthetic efficiency (α*) exhibited substantially more variability than P* m , averaging 0.076±0.146 mg C mg -1 Chl a hr -1 (µmol photons m -2 s -1 ) -1 , but no distinct spatial pattern was observed. Values for α* in surface waters were similar to those in subsurface waters while values under the ice were higher than those in ice-free waters, although the difference was not significant (Table 1) . Similarly, α* on the shelf was higher, but not significantly so, than α* in non-shelf waters.
As a consequence of the spatial consistency in both P* m and α*, the photoacclimation parameter (E k ) exhibited very little variation across the wAP, averaging 75.7±45.1 µmol photons m -2 s -1 . This value is remarkably similar to the mean light level we measured in the upper 40 m of the water column (the shallowest mixed layer we observed) over our entire study area (74.1±84.2 µmol photons m -2 s -1 ). Deeper mixed layers, which were common within our study region ( Fig. 8) , had mean light levels well below E k (mean light in the upper 80 m was only 39.3±45.3 µmol photons m -2 s -1 ), especially beneath sea ice (<10 µmol photons m -2 s -1 ). As expected because of their lower light levels, mean E k values in subsurface waters, on the shelf, and under the ice were lower than those in corresponding surface waters, non-shelf waters, and ice-free waters, respectively, although the differences were neither large nor statistically significant (Table 1) .
Discussion
The wAP is a physically complex region of the Southern Ocean that is influenced by seasonal sea ice cover, energetic currents and fronts, dynamic MLDs, and highly variable bottom topography. These factors combine to modulate the light environment and nutrient concentrations of surface waters, producing the varied mosaic of pelagic environments that have been well described for the austral summer months [Garibotti et al., 2005; Marrari et al., 2008; Ducklow et al., 2013; Moreau et al., 2015; Trimborn et al., 2015] . Our study shows that, despite this dynamic environment, phytoplankton physiological state in spring was surprisingly uniform throughout the wAP, likely due to the ample nutrient supplies that were available at that time and the early stage of the phytoplankton growth season when resource requirements are still relatively low. Furthermore, in contrast to the summer months when phytoplankton distributions are controlled primarily by nutrient availability, resulting in extremely high phytoplankton biomass near the coast on the shelf [Garibotti et al., 2005; Vernet et al., 2008; Trimborn et al., 2015] , light appears to be the most important factor controlling phytoplankton growth in the wAP during spring. This is illustrated by our observations that light levels were low beneath the ice compared to measured values for E k , suggesting that sea ice cover controlled bloom timing and location on the shelf while mixed layer dynamics played an important role in non-shelf waters.
Nutrient distributions
Like observations made in summer, our study showed evidence of a strong SACCF and SBACC in the wAP, as evidenced by regions of energetic flow (Fig. 6 ) and local deep mixing (Fig. 8) . The intrusion of the SBACC (the southern limit of CDW) onto the continental shelf can impact spring phytoplankton bloom development and also lead to glacial melting Moffat et al., 2009; Martinson and McKee, 2012] . We found small amounts of warm water with UCDW characteristics on the shelf in all of the transects (Fig. 4) , likely resulting from eddies mixing water masses across the shelf break [Moffat et al., 2009] , suggesting that the SBACC intrusion was ubiquitous across the shelf in our study.
However, in addition to bringing warm waters onto the shelf, UCDW also contains high micro-and macronutrient concentrations that fuel the growth of phytoplankton in both shelf and non-shelf waters Gerringa et al., 2012; Arrigo et al., 2015] . During our study, high concentrations of NO 3 -and PO 4 3-had been brought closest to the ocean surface in the non-shelf region between the SACCF and the SBACC (Figs. 6 and 7). Winter mixing entrained these high subsurface nutrient inventories into surface waters, resulting in our observations of pre-bloom macronutrient concentrations in excess of 1.6 µM PO 4 3-and 20 µM NO 3 -. Some
Si(OH) 4 was probably also entrained into surface waters in this manner, but during our study, concentrations of Si(OH) 4 (and Mn, a tracer of lithogenic resuspension) were always highest on the shelf, suggesting that resuspension of sediment inventories was a more important process in shallower waters Arrigo et al., 2015] . Consistent with numerous other observations from the Antarctic Gordon et al., 2000; Hoppema et al., 2015] , the pre-bloom macronutrient levels in surface waters we observed during Phantastic II were well above concentrations required to sustain maximum phytoplankton growth rates, once limitation by other scarce resources is alleviated (e.g., light and micronutrients).
Like the more abundant macronutrients, it is generally assumed that deep winter mixing also replenishes the surface layer with dFe [Tagliabue et al., 2014] . However, we found that during our occupation of the wAP early in the austral summer, the dFe concentrations in non-shelf waters were quite low, showing little sign of having been replenished by vertical mixing during the past winter (Fig. 7) , except perhaps along line 200 where a dFe concentration of 0.8 nM was observed at 120 m (Fig. 8) . A closer look at the upper water column of non-shelf waters along Lines 200, 300, and 600 (Fig. 8) shows enhanced dFe concentrations in the upper 20 m (0.2-0.3 nM), coincident with the region of reduced sea ice cover (Fig. 3) . This suggests that melting sea ice, which can contain high concentrations of dFe [Sedwick and DiTullio, 1997; Lannuzel et al., 2016] and dFe-stabilizing organic ligands [Lannuzel et al., 2015] , was the source of surface dFe in non-shelf waters, although there was no obvious freshwater lens associated with the layer of enhanced dFe, as evidenced in the relatively widely spaced density contours (Fig. 8) .
Pre-bloom concentrations of dFe were higher on the shelf, particularly in nearshore regions, suggesting that dFe was being supplied either from the sediments, from melting ice, or both [Planquette et al., 2011; Gerringa et al., 2012; Arrigo et al., 2015] . Line 700 had very little sea ice over the shelf, so water column dFe was most likely derived from either the sediments or glacial melt [Raiswell et al., 2008; Raiswell, 2011] . Steeply vertical isopycnals on the shelf in most of our transects (Fig. 8) indicate a high degree of mixing, consistent with a UCDW or local sedimentary source of dFe that had been mixed into surface waters . In addition, the elevated surface dFe along Line 200 and 300 in an area of the shelf with 100% sea ice cover suggests that glacial ice, rather than sea ice, may have been an important dFe source.
Phytoplankton distributions
Phytoplankton blooms in the wAP have been studied extensively in recent decades [Ducklow et al., 2013] , although most of the effort has been concentrated during the summer, with only a small amount of information about the development of phytoplankton blooms available in the austral spring [Moreau et al., 2010] . Based on the results from Phantastic II, phytoplankton in both the surface and subsurface of shelf and non-shelf waters were physiologically competent and capable of rapid growth in the austral spring. In fact, we were somewhat surprised to find that, despite very low non-shelf dFe concentrations, phytoplankton in non-shelf waters showed no sign of dFe stress, which is usually manifested as a reduction in Fv/Fm [Boyd and Abraham, 2001; Hopkinson et al., 2007; Behrenfeld and Milligan, 2012] or an inverse relationship between Fv/Fm and absorption cross section of PSII (σ PSII ) [Behrenfeld and Kolber, 1999, Hopkinson et This article is protected by copyright. All rights reserved.
al. , 2007] . Throughout the wAP, we observed uniformly high Fv/Fm and no relationship between Fv/Fm and σ PSII (data not shown). These results contrast with other studies in the wAP that were conducted later in the summer and showed markedly reduced values for Fv/Fm in nonshelf waters [Trimborn et al., 2015] but higher values on the shelf [Hopkinson et al., 2007; García-Muñoz et al., 2014; Trimborn et al., 2015] , and an inverse relationship between Fv/Fm and σ PSII [Trimborn et al., 2015] . Our results suggest that despite low initial dFe concentrations in non-shelf surface waters, there was still sufficient dFe being supplied to the early phytoplankton bloom during spring to maintain a healthy population, possibly from melting sea ice, similar to observations made previously in the Ross Sea [Sedwick et al., 2011] .
Phytoplankton abundance in our study area during austral spring appeared to be related to a combination of physical factors, including the amount of sea ice cover, the positions of major oceanographic fronts, and MLD. Unlike Chl a concentrations often measured during the summer when phytoplankton are much more abundant on the continental shelf than in non-shelf waters (>10 mg m -3 and <1 mg m -3 , respectively) Vernet et al., 2008; Trimborn et al., 2015] , Chl a concentrations during Phantastic II were generally low on the shelf, rarely exceeding 0.2 mg m -3 , despite high concentrations of macronutrients ( Fig. 7) and dFe ( Fig.   8 ). The low phytoplankton biomass we observed on the shelf is most likely a consequence of the high concentrations of sea ice at this time of year, which greatly reduced light transmission to surface waters [Selz et al., 2016] and decreased light levels to well below measured values for E k .
This conclusion is further supported by our observation that Chl a concentrations on the shelf only exceeded 0.5 mg m -3 along Line 700 where sea ice concentrations were consistently below 35% (Line 700, Fig. 3 ).
In contrast to shelf waters of the wAP where Chl a concentrations were greatest in areas of reduced ice cover, Chl a concentrations seaward of the shelf break were highest in regions with a variable amount of sea ice cover (10-50%), rather than in non-shelf waters farther offshore that were relatively ice-free (Fig. 3) . Unfortunately, even the reduced ice concentrations present during our study are too high to allow satellite detection of the phytoplankton bloom developing
in waters below, which may partially explain why the satellite-based Chl a concentrations presented in Fig. 2 and in Marrari et al. [2008] are lower than those presented here from in situ measurements. The coincidence between reduced sea ice concentrations and increased Chl a suggests that we had observed a MIZ phytoplankton bloom that developed as a result of meltwater stratification induced by the retreat of melting sea ice [Smith and Nelson, 1986] , perhaps associated with addition of dFe to surface water from melting sea ice [Lannuzel et al., 2015; 2016] . However, closer inspection of our hydrographic data suggests that physical processes associated with the two major fronts in the region also played a large role in the spatial pattern of phytoplankton bloom development. This is consistent with observations made over a much smaller area during the austral spring and summer as part of the STERNA program in 1992, which also observed high phytoplankton biomass associated with frontal regions along the wAP, rather than associated with the sea ice edge [Turner and Owens, 1995] .
Within the area of reduced sea ice cover, phytoplankton abundance was greatest in the area between the northward flowing SBACC and SACCF (Fig. 8) . This is best seen along Lines 200, 300, and 600 where the highest Chl a concentrations was clearly bounded by these two fonts.
The intensified currents associated with the SBACC and SACCF generated a local deepening of the mixed layer to approximately 100-120 m, thereby reducing mixed layer light levels and presumably slowing phytoplankton growth rates. However, within the area between these two fronts, MLD was generally much shallower and slightly more stratified (Fig. 8) . As a result, mixed layer light levels were higher between the fronts (data not shown) and phytoplankton biomass accumulated at a faster rate than in waters either further inshore or offshore.
This pattern is not as clear in Lines 400 and 700 where phytoplankton abundance was much lower. There, a number of deep, narrow Chl a features correspond with greater MLDs, suggesting that these waters had recently mixed, carrying surface phytoplankton to depth and diluting their concentrations. Some of this deep mixing may have been generated by local winds, especially along Line 700 where ice cover was relatively low and Chl a concentrations on the shelf were higher than elsewhere. Thus, on the shelf, the development of the spring This article is protected by copyright. All rights reserved.
phytoplankton bloom in the wAP is inhibited by the presence of heavy sea ice on the shelf, while in non-shelf waters, the spring bloom is controlled by interactions between melting sea ice, which both enhances upper ocean stratification and possibly adds dFe to surface waters, and vertical mixing associated the SBACC and SACCF, which breaks down stratification but also brings nutrients up into surface waters.
Phytoplankton community composition
The spatial pattern of phytoplankton community composition observed in the wAP in austral spring during Phantastic II (Fig. 9 ) agrees broadly with patterns observed previously in this region, but later in the summer. In both seasons, diatoms were abundant in shelf and non-shelf waters, although generally more so both off the shelf Huang et al., 2012; Kavanaugh et al., 2015; Trimborn et al., 2015 , but see Garibotti et al., 2005 and further south in the wAP region [Huang et al., 2012] . P. antarctica abundance was greatest in non-shelf waters, especially further north [Trimborn et al., 2015] . In addition, while cryptophytes were consistently a minor component of the phytoplankton community everywhere [Rodriguez et al., 2002; Varela et al., 2002; Trimborn et al., 2015] , their abundance was greatest in more northern and inshore waters of the wAP where glacial melt is greatest, as reported previously by Huang et al. [2012] .
The biggest difference in community composition between austral spring and summer appears to be in the degree of relative dominance by diatoms and P. antarctica. In spring, data from Phantastic II show that both diatoms and P. antarctica are relatively abundant in both shelf and non-shelf waters, with P. antarctica being most abundant in offshore waters further north and diatoms most dominant in offshore waters further south (Fig. 9) . On the shelf, chlorophytes and cryptophytes often accounted for 20% of total phytoplankton biomass, and reached as high as 40% in spring. In contrast, during summer, diatoms overwhelmingly dominate on the shelf, accounting for as much as 100% of the phytoplankton community [Trimborn et al., 2015] . Few other taxa are found anywhere along the wAP, although blooms of P. antarctica have been observed [Rodriguez et al., 2002; Varela et al., 2002; Trimborn et al., 2015] , but not consistently [Garibotti et al., 2003] . Despite its presence throughout the wAP, particularly in offshore waters, P. antarctica relative abundance in summer [Trimborn et al., 2015] is far below levels we observed in the spring. Thus, diatoms appear to make up an increasingly dominant fraction of the phytoplankton community between spring and summer, as also observed at Rothera [Rozema et al., 2017] . Trimborn et al. [2015] attributed the enhanced abundance of P. antarctica in non-shelf waters to their higher Fe uptake rates, presumably stemming from a higher affinity for Fe, especially for single celled forms [Hassler and Schoemann, 2009] . This allowed them to better compete with diatoms in this relatively low-dFe environment during summer. At this same time, Trimborn et al. [2015] proposed that diatoms dominated the phytoplankton community on the shelf because of their higher intrinsic growth rates under conditions of high dFe concentration.
This hypothesis is broadly consistent with distributions of dFe and phytoplankton community composition we measured during Phantastic II (more P. antarctica in non-shelf waters where dFe is low, significant abundance of diatoms everywhere). However, it does not explain why diatoms comprised a relatively larger fraction of the phytoplankton community in offshore waters in summer [Trimborn et al., 2015] , when dFe levels would be expected to be even more limiting to phytoplankton growth and would be expected to favor P. antarctica to an even greater extent than in spring.
Perhaps the relative distributions of P. antarctica and diatoms in the wAP during spring have more to do with the distributions of sea ice than differences in dFe availability between shelf and non-shelf waters. Phytoplankton exhibited no evidence of Fe stress anywhere in our study region, and there was no relationship between phytoplankton community composition and dFe.
Furthermore, diatom relative abundance was negatively correlated with sea ice concentration (-0.48, p <0.05) while distributions of the low-light form of P. antarctica were positively correlated with sea ice cover (0.52, p <0.05), consistent with their ability to grow faster at lower light levels . This suggests that the high relative abundance of P.
antarctica on the shelf may be attributable to the more widespread sea ice observed there in the spring (Fig. 3 ). This conclusion is supported by high concentrations of P. antarctica observed within sea ice during Phantastic II [Selz et al., 2016] . Concentrated within a 0.1-0.2 m slush layer located between the top of the ice and the overlying snow cover, communities dominated by P. antarctica were more physiologically active than communities living elsewhere in the sea ice. Furthermore, the similarity in community composition between the sea ice and the water column suggests that P. antarctica from the ice may be released into the water column where they subsequently grow as phytoplankton. Selz et al. [2016] also showed that colonial P.
antarctica sinks through the water column much faster than diatoms, perhaps explaining their relative scarcity in the wAP in summer [Trimborn et al., 2015] . Thus, widespread sea ice appears to favor the growth of P. antarctica during spring while the loss of ice in summer favors the proliferation of the faster-growing diatoms.
Conclusions
Results from Phantastic II show that at the start of the spring bloom, the phytoplankton community is physiologically active and healthy throughout the wAP. Diatoms and P.
antarctica are both widespread at this time, but other phytoplankton taxa are present in modest numbers on the shelf. As solar insolation increases during spring, heavy ice cover on much of the shelf prevents net phytoplankton growth in these nutrient-rich waters, except in the far north (Line 700) where sea ice concentrations are lower. In waters seaward of the shelf break with reduced ice cover, it is only in the area of reduced vertical mixing between the SBACC and SACCF where mixed layer light levels are sufficient in spring for net growth of physiologically competent phytoplankton (Fig. 8) . As phytoplankton biomass, consisting mostly of diatoms in the south and P. antarctica in the north, starts to accumulate within the bloom, any dFe in surface water that was available in early spring is rapidly consumed (Fig. 7) and is likely replenished by dFe released from melting ice, allowing the bloom to progress.
In late austral spring, satellite data show that the phytoplankton bloom in non-shelf waters expands beyond the boundaries of the SBACC and SACCF [Marrari et al., 2008] , presumably as a result of increasing surface ocean stratification. The most likely source of dFe fueling this additional phytoplankton growth seems to be melting sea ice or upwelling at the fronts, although this needs to be confirmed in situ. As austral spring moves into summer, the remaining sea ice disappears, first in non-shelf waters and then on the shelf (Figs. 2a and 2b) . At this time, the non-shelf bloom begins to decline and increased light availability, coupled with increased stratification [Garibotti et al., 2005] and reservoirs of dFe resulting from local mixing and movement of UCDW, facilitate the accumulation of high concentrations of phytoplankton biomass on the continental shelf ( Fig. 2i) , consisting mostly of diatoms Vernet et al., 2008; Trimborn et al., 2015] .
These results shed important light on the possible controls of phytoplankton dynamics in the wAP during the critical spring-to-summer transition. Interactions between changing sea ice cover, nutrient delivery and vertical mixing appear to be the dominant controls on the growth of phytoplankton in the wAP during this time. Interestingly, these components of the system are either undergoing or have the potential to undergo significant changes in the decades to come as temperatures in this region continue to rise and wind patterns due to changes in atmospheric pressure are altered [Stammerjohn et al., 2012; Thompson and Youngs, 2013; Cerrone et al., 2017] . These changes could eventually impact the community structure and productivity of the phytoplankton on which the entire wAP ecosystem depends [Saba et al., 2014] . 
